Abstract: Apomixis, asexual reproduction through seeds, occurs in over 40 plant families. This widespread phenomenon can lead to the fixation of successful genotypes, resulting in a fitness advantage. On the other hand, apomicts are expected to lose their fitness advantage if the environment changes because of their limited evolutionary potential, which is due to low genetic variability and the potential accumulation of deleterious somatic mutations. Nonetheless, some apomicts have been extremely successful, for example certain apomictic accessions of Hieracium pilosella L. from New Zealand, where the plant is invasive. Here, we investigate whether the success of these apomictic accessions could be due to a fitness advantage by comparing the vegetative competitiveness of apomictic H. pilosella from New Zealand with sexual accessions of H. pilosella from Europe. Sexual and apomictic plants were grown either (A) alone (no competition), (B) in competition with the other type (intra-specific competition), (C) in competition with the grass Bromus erectus (inter-specific competition), and (D) in competition with the other type and the grass B. erectus (intra-and inter-specific competition). To distinguish effects of apomixis and the region of origin, different H. pilosella lineages were compared. Furthermore, experiments were carried out to investigate effects of the ploidy level. We show that sexual plants are better inter-specific competitors than apomicts in terms of vegetative reproduction (number of stolons) and vegetative spread (stolon length), while apomicts do better than sexuals in intra-specific competition. The magnitude of the effect was in some cases dependent on the ploidy levels of the plants. Furthermore, apomicts always produced more stolons than sexuals, suggesting potential displacement of sexuals by apomicts where they co-occur. and apomictic plants were grown either (i) alone (no competition), (ii) in competition with the other type (intra-specific competition), or/and (iii/iv) in competition with the grass Bromus erectus (inter-specific competition/intra-and inter-specific competition). We show that sexual plants are better inter-specific competitors than apomicts in terms of vegetative reproduction (number of stolons) and vegetative spread (stolon length), while apomicts do better than sexuals in intra-specific competition. The magnitude of the effect was in some cases dependent on the ploidy levels of the plants. Furthermore, apomicts always produced more stolons than sexuals, suggesting potential displacement of sexuals by apomicts where they cooccur.
INTRODUCTION
Apomixis, defined as asexual reproduction through seeds, is reported in over 400 species from more than 40 plant families {Asker:1992tz}. Apomixis is divided into sporophytic (embryos develop from sporophytic tissue) and gametophytic apomixis (embryos develop from gametophytic tissue), the latter being further subdivided into apospory and diplospory, depending on the cell type which develops into the female gametophyte Krahulcova:2011jv}. Based on these arguments, apomicts are often considered to be more successful than sexuals.
However, most types of apomixis result in maternal clonal offspring (apospory, mitotic diplospory) {Asker:1992tz} and may therefore accumulate deleterious mutations over many generations {Muller's ratchet,, Muller:1964wr, Stebbins:1950tl, Stebbins:1957wr}. Furthermore, apomictic populations are expected to have very low genetic variability, which drastically reduces their evolutionary potential to adapt to environmental changes. Sexual populations, in contrast, are expected to have high genetic variability and can, therefore, more easily adapt to environmental changes via evolutionary processes. Hence, the question arises whether the high abundance of apomicts is restricted to newly colonized habitats or if they may successfully co-exist with sexuals due to other advantages than those mentioned above. Europe for their intra-specific (within-species) and inter-specific (between-species)
competitiveness. Second, we tested whether differences in competitiveness between sexual and apomictic lineages persisted when ploidy was equal. To do this, we compared the apomictic pentaploid lineages from New Zealand (aP5) with newly created sexual pentaploid lineages (sP5). Pentaploid sexuals were obtained by crossing of sexual hexaploid (sP6) and sexual tetraploid (sP4) plants. By comparing the two independent experiments, we can draw conclusions about the role of ploidy for the performance of H. pilosella.
In both experiments, fitness-related traits (biomass, number of stolons, length of the longest stolon) were measured and the effects of reproductive type and intra-vs. inter-specific competition were tested using mixed-effects models.
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We found that the sexual lineages from European populations were more persistent in between-species competition against the grass Bromus erectus in terms of vegetative reproduction, irrespective of ploidy level or genetic background. However, when apomictic lineages from New Zealand grew in competition with sexual lineages from Europe (withinspecies competition) they had a superior fitness, suggesting that they can displace the sexual lineages in within-species competition.
MATERIALS AND METHODS

Plant Materials and Soil
Hieracium pilosella L. Since apomixis is facultative in this species (Sailer et. al., unpublished) , and since seeds were collected from different individuals, we can assume that the seeds from NZ are a mixture of several different apomictic pentaploid lineages (aP5). Currently, we do not have a reliable genotyping system to identify individual clones, so we could not test how many different apomictic lineages were used.
Sexual plants were derived from vegetatively propagated plants from the two Czech populations (M; J), and are a mixture of 3 sexual tetraploid lineages (sP4). To generate pentaploid sexual lineages (sP5), a sexual tetraploid (sP4, "J2") and several sexual hexaploid lineages (sP6) from the Morteratsch glacier foreland, Upper Engadin, Switzerland (GPS:
791859, 145592, Swiss Grid) were crossed. Each individual offspring from these crosses is a new genotype. The mixture of these genotypes was used in the P5 experiment.
After surface sterilization, seeds were germinated in petri dishes on half strength MS- to soil when they had produced two to three true leaves. Seedlings were grown in the greenhouse for three days under a humidor after being transferred to soil, and then put into the common garden or left in the greenhouse. We used a nutrient-poor soil ("Dachgartenerde extensiv", Ricoter Erdaufbereitungs AG, Frauenfeld, Switzerland) to mimic the field situation.
Experimental Design
In two independent experiments, "garden" and "P5", apomictic and sexual plants, were compared. Apomictic and sexual plants were subjected to 2 factorially crossed competition regimes, resulting in 4 different treatments: 1) no competition ( Figure 1A ) , 2) within-species competition (neighbor of other reproductive mode, Figure 1B ), 3) between-9/26 species competition (presence of grass, Figure 1C ), between-and within-species competition ( Figure 1D ). For both experiments, we used a randomized block design with blocks (replicates) including the different treatment combinations.
Plants were grown in plastic boxes (Georg Utz AG, Bremgarten, Switzerland) of 40 x 30 x 30 cm (L x W x D). The bottom of the boxes had holes and was covered with a 2-cm thick drainage mat to prevent root rotting in standing water. The boxes were covered with mosquito net (Windhager AG, Baar, Switzerland) cages to prevent pollination between boxes in the common garden.
There are two caveats to this design. First, in the within-species treatments apomictic and sexual Hieracium plants occur together in the same box, but twice per block ( Figure 1B and 1D) whereas in between species completion apomictic and sexual Hieracium plants occur separately in a single box. Because we found no autocorrelation between residuals of cooccurring apomictic and sexual plants within boxes we used measurements of both types of plants as if they were grown independently in different boxes in the analysis. Second, the between-species competition regime ( Figure 1C and 1D) followed an additive rather than substitutive design which maintains constant density for the target species (in our case H. pilosella) but increases the total density, since grass is added as a competitor and is not replacing Hieracium plants, as in the within-species treatments, where a substitutive design was used (Harper 1977).
In the garden experiment apomictic and sexual plants of H. pilosella were derived from field sites and were of different ploidy level. This experiment was performed in the common garden with several apomictic lineages from New Zealand and three sexual lineages from Europe, and included 5 replicates per treatment combination.
In the P5 experiment, apomictic lineages from the New Zealand population were used together with the created sexual pentaploid lineages to ensure that apomictic and sexual plants were of the same ploidy level. Both apomictic and sexual plants were grown from seeds. This experiment was performed in the greenhouse and treatment combinations were replicated twice.
Harvest and Size Measurements
The Stolons were counted and stretched out to measure their length. To measure biomass, harvested biomass was oven-dried for 48 hours at 80 °C and weighed to the nearest 0.1 g.
Ploidy Analysis
The ploidy level of experimental plants was controlled by ploidy analysis following the two-step method described by Dolezel and colleagues { 
Statistical Analyses
Separate statistical analyses were carried out for each measured trait and the two experiments. We used linear mixed models with "Box" and "Block (Replicate)" as random First, an overall analysis of the complete dataset was performed. A triple interaction between "Grass", "Neighbor" and "Reproduction" was never observed. Therefore, the model was restricted to interactions between "Grass" or "Neighbor" and "Reproduction". These interactions are differences in the response of apomicts and sexuals to the presence of grass or the different reproductive mode of neighboring plants.
Second, if a two-way interaction occurred, the dataset was split according to the interaction (no grass and presence of grass, or same neighbor and different neighbor; black and grey bars in figure 1 "Overall Analysis: Factors"), and apomicts and sexuals were compared separately within these two data subsets. This separation was made to facilitate the interpretation of interactions.
Third, an in-depth analysis was performed to test for differences between apomicts and sexuals in each of the 4 treatments (A, B, C, D in figure 1 ). In each of these 4 data subsets, apomicts and sexuals were compared.
In addition, in the garden experiment an analysis testing for differences between the different lineages used was performed. One sexual tetraploid (sP4) lineage, "J2", seemed to perform as well as the mixture of the apomictic pentaploid (aP5) ineages. Based on these results a data subset was selected which contained the mixture of aP5 lineages from New Zealand and the sP4 lineage "J2". This data-subset was then analyzed again as described above to test whether the observed effects were genotype-dependent or not.
Analyses were performed in R {RaLanguageandEn:2010wf} using the nlme package {nomeLinearandNon:Ld2PfMNj}, the ggplot2 package {ggplotelegantgra:tn} and the grid package {Murrell:2005vv}.
RESULTS
Growth
Biomass of Hieracium was always reduced by the presence of grass (treatments C + D compared to treatments A + B in figure 1) in the garden experiment (F 1,26 = 40.39, p < 0.001, figure 2A , table 1). In the garden experiment, apomicts had generally a higher biomass than 13/26 sexuals (F 1,115 = 49.3, p < 0.001, figure 2C , table 1). In-depth analysis revealed that apomicts are 2.08 times heavier than sexuals in between-species competition (C in figure 1 ; p < 0.001, table 2). No differences in growth of apomicts and sexuals were observed in the 3 other treatments.
In the P5 experiment, biomass of Hieracium was also reduced by the presence of grass (F 1,11 = 9.53, p = 0.010, figure 2B , table 1). Furthermore, apomicts increased while sexuals decreased their biomass if the neighbor was of the different reproductive mode compared to the neighbor being the same (interaction: F 1,11 = 5.00, p = 0.047, figure 2D , table 1; B + D compared to A + C in figure 1 ). This resulted in apomicts having a higher biomass if the neighbor is different (t 1,20 = 2.69, p = 0.014, figure 2D , grey background). In-depth analysis revealed that apomicts were 3.14 times heavier than sexuals in within-species competition (B in figure 1 ; p = 0.018, table 2).
Vegetative Propagation -Number of Stolons
In the garden experiment, the presence of grass reduced the number of stolons compared to the treatment without grass as a competitor (F 1,32 = 70.8, p < 0.001, figure 2E , table 1). Furthermore, the number of stolons was more strongly reduced in apomicts than in sexuals by the presence of grass (interaction: F 1,198 = 8.0, p = 0.005, figure 2E , table 1). In the absence of grass, apomicts had more stolons than sexuals (t 1,99 = 5.0, p < 0.001, figure 2E ).
In-depth analysis revealed that apomicts had 1.32 times more stolons than sexuals without competition (p = 0.028, table 2) and 1.33 times more stolons in within-species competition (p < 0.001, table 2).
The P5 experiment basically revealed the same effects as the garden experiment ( figure 2F, table 1 ). However, in the in-depth analysis of the boxes without competition and of the boxes with both between-and within-species competition we found slightly different results: apomicts produced 2.01 or 1.06 times more stolons than sexuals under within-species competition (p = 0.049, table 2) or under combined between-and within-species competition (p = 0.019, table 2), respectively.
Spread -Maximum Stolon Length (Longest Stolon)
In the garden experiment, presence of grass reduced the maximum stolon length compared to absence of grass (F 1,33 = 46.0, p < 0.001, figure 2G , table 1). Furthermore, maximum stolon length was more strongly reduced in apomicts than in sexuals by the presence of grass (interaction: F 1,134 = 5.13, p = 0.025, figure 2G , table 1). In the absence of grass, apomicts had a longer maximum stolon length than sexuals (t = 2.7, p = 0.010, figure   2G ). In-depth analysis revealed that apomicts produced 1.14 times longer stolons than sexuals in the within-species treatment (p = 0.034, table 2).
In the P5 experiment, similar results as in the garden experiment were obtained (   figure 2H, table 1, table 2 ).
Effects of Lineages (Genetic Background)
In the garden experiment a mixture of several apomictic lineages from New Zealand (see Materials and Methods) were compared to three sexual lineages from Europe. We found that the sP4 line "J2" had similar performance as the aP5 lineages. The results of the analysis comparing the sexual tetraploid "J2" to the pentapolid New Zealand lines are shown in figure   3 . In general, the presence of grass influenced biomass of all lineages negatively (F 1,26 = 45.66, p < 0.001, figure 3A ), stolon count (F 1,34 = 52.56, p < 0.001, figure 3B ) and the length of the longest stolon (F 1,33 = 52.77, p < 0.001, figure 3C ). Furthermore, the number of stolons was more strongly reduced in apomictic New Zealand lines than in the sexual "J2"
(interaction: F 1,118 = 5.56, p = 0.020, figure 3B ). In the absence of grass, New Zealand lines had more stolons than "J2" (t = 2.34, p = 0.023, figure 3B ). This means that in terms of 15/26 vegetative propagation, sexual lines resist more to competition than apomictic ones, irrespective of their genotype.
DISCUSSION
We compared successful apomictic H. pilosella from New Zealand with sexual H. pilosella from Europe in order to determine whether the success of the New Zealand lineages is, at least in part, due to a fitness advantage in growth (biomass), vegetative propagation (stolon count), and spread (maximum stolon length). For all traits in both experiments, grass had a negative influence on the measured trait.
In the garden experiment, apomicts and sexuals differed in ploidy level while in the P5 experiment they did not. Comparing the results of both experiments therefore allows us to reason about the role of different ploidy level in competition. The general difference in biomass between apomicts and sexuals observed in the garden experiment, which is in concordance with a study in Taraxacum sp., in which triploid apomictic plants had a higher biomass than diploid sexual plants {deKovel:2001wl}, was lost in the P5 experiment where ploidy of apomicts and sexuals was identical. In-depth analysis comparing results from the two experiments showed also differences in the effects of both types of competition and of stolon numbers among the two experiments, indicating ploidy effects. In other words, ploidy may differentially influence biomass and vegetative propagation depending on the type of competition.
In terms of vegetative propagation and spread sexual H. pilosella were less negatively affected by the presence of grass than were apomictic H. pilosella, irrespective of ploidy differences. From these results we conclude that apomictic populations have a lower betweenspecies competitiveness than sexual populations and thus the latter would outperform the former in between-species competition in the longer run. In our experiments, we could not observe that apomicts outcompeted sexuals as vegetative propagation was not different in the between-species competition regime, which might have been due to a too low competition pressure and the short duration of our experiments. Nevertheless, we would expect that sexual populations are more persistent over time in complex communities in the field than apomictic populations are.
In contrast to the between-species competition regime, apomicts always performed better than sexuals in the within-species competition regime, irrespective of ploidy differences. This might be due to the history of the lineages used in the experiments. In both experiments, aP5 plants were derived from a successful population in New Zealand, meaning In addition to different competitive abilities of apomicts and sexuals, this cytogeographical pattern could also be explained either by the general-purpose genotype hypothesis or the destabilizing hybridization hypothesis {Lynch:1984wq}. The generalpurpose genotype hypothesis, which was first formulated by Baker {Baker:1965tj}, states that selection might favor genotypes which are adapted to a wide variety of environments. In other words, an apomictic general-purpose genotype will be able to colonize a recently deglaciated area such as Northern Europe very effectively. Sexuals however, will not be able to spread to Northern Europe since their fitness will be inferior to the fitness of apomicts, which are general-purpose genotypes {Lynch:1984vv}. Furthermore, successful sexual and apomictic genotypes will cross in areas in which they co-occur, leading to hybrids which have an inferior fitness, since the beneficial allele combination of their parents is disrupted {Lynch:1984vv}. Our results with the sexual lineages are in concordance with the latter hypothesis.
Another possible explanation for the cytogeographical pattern is that the niches occupied by apomicts did not change since the glaciers retreated {frozen-niche variation hypothesis,, Vrijenhoek:1979va, Vrijenhoek:1984wm} . Different to the general-purpose genotypes, which occupy a wider ecological niche, different apomictic genotypes are occupying small niches, which in total span a wider niche than their sexual parents do.
The frozen-niche variation hypothesis implies that genetic diversity between apomictic populations should be greater than within populations, since we would expect that the niches differ with geographical distance and therefore, between populations. In New Zealand, in which the main cytotype is a P5 (Chapman et al., 2000) , repeated hybridization of H. pilosella with H. praealtum resulted in genetic variation, enabling the invasion of different niches. Chapman et al. (2000) have shown that the genetic diversity within apomictic populations in New Zealand is low, but also that there is no correlation between geographical and genetic distance. They report that genetic variation between populations is higher than within populations, but the variation is low also between populations. We interpret this finding as genetic variation between general-purpose genotypes, and that the observed pattern cannot be explained with the frozen-niche variationn hypothesis.
Better vegetative reproduction and better vegetative spread could be attributes of a general-purpose genotype, which could then be fixed by apomixis. Thus, our's and Chapman's findings can be interpreted as supporting the general-purpose genotype hypothesis.
Conclusion
In this study, we showed that apomixis and -independently of the mode of reproduction -the ploidy level can affect the fitness of H. pilosella. Up to now we cannot distinguish whether the observed advantage of the New Zealand apomicts is solely due to the mode of reproduction, or if and to which extent it is due to the different genetic background of the plants from New Zealand. Clearly, our results suggest that the success of the invasive New Zealand lineages is due to a fitness advantage in growth and vegetative propagation 19/26 compared to the sexual lineages as they are mostly found in Europe. Interestingly, sexual plants were found to be less influenced by between-species competition, indicating that apomictic H. pilosella are favored in pioneer habitats but might be displaced with ongoing succession by sexual plants. More apomictic and sexual lineages will have to be analyzed to fully disentangle the effect of the genetic background from the effect of the mode of reproduction. Table 1 : ANOVA tables of the overall analysis using mixed effects models.
TABLES
Significant effects are printed in bold. Interactions between "Reproduction" and "Grass" or "Neighbor" were found for each trait in both experiments, except for biomass in the Garden experiment. There, only significant main effects were found.
num DF -degrees of freedom of tested term (nominator), den DF -degrees of freedom of error term (denominator) * -p < 0.05, ** -p < 0.01, *** -p < 0.001 In the overall analysis, the factor "Grass" compares treatments A+B with treatments C+D, whereas the factor "Neighbor" compares treatments A+C with treatments B+D, as is Grey rectangles -boxes; yellow circle -sexual plant; red circle -apomictic plant; green circle -grass; sP4 -sexual Pilosella 4-ploid; sP5 -sexual Pilosella 5-ploidy; aP5 -apomictic Pilosella 5-ploid There is a general reduction of biomass due to the presence of grass both in the garden A) There is a general reduction of biomass due to the presence of grass. B) The presence of grass reduces the number of stolons. New Zealand lines produce more stolons than line "J2" in the absence of grass. "J2" shows a more stable production of stolons. C)
There is a general reduction of the maximum stolon length due to the presence of grass.
Dots represent the mean and error bars are ± 1 sem of the mixed effects model. Grey backgrounds are competition treatments. n.s. -not significant, * -p < 0.05, ** -p < 0.01, *** -p < 0.001 
